Dietary deficiencies of zinc and iron are a substantial global public health problem. An estimated two billion people suffer these deficiencies 1 , causing a loss of 63 million life-years annually 2,3 . Most of these people depend on C 3 grains and legumes as their primary dietary source of zinc and iron. Here we report that C 3 grains and legumes have lower concentrations of zinc and iron when grown under field conditions at the elevated atmospheric CO 2 concentration predicted for the middle of this century. C 3 crops other than legumes also have lower concentrations of protein, whereas C 4 crops seem to be less affected. Differences between cultivars of a single crop suggest that breeding for decreased sensitivity to atmospheric CO 2 concentration could partly address these new challenges to global health.
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In the 1990s, several investigators found that elevated atmospheric CO 2 concentration (hereafter abbreviated to [CO 2 ]) decreased the concentrations of zinc, iron and protein in grains of wheat [4] [5] [6] [7] , barley 5 and rice 8 grown in controlled-environment chambers. However, subsequent studies failed to replicate these results when plants were grown in open-top chambers and free-air CO 2 enrichment (FACE) experiments. A previous study 9 found no effect of [CO 2 ] on the concentrations of zinc or iron in rice grains grown under FACE and suggested that the earlier findings had been influenced by 'pot effects', by which a small rooting volume led to nutrient dilution at the root-soil interface. Of the more recent studies [10] [11] [12] [13] , most have indicated lower elemental concentrations in soybeans 10 , sorghum 10 , potatoes 11 , wheat 12 or barley 13 grown at elevated [CO 2 ], but with the exception of iron in one study on wheat 12 , these results were statistically insignificant, perhaps because of small sample sizes.
Small sample sizes have limited the statistical power of individual studies of many aspects of plant responses to elevated [CO 2 ], and metaanalyses involving larger samples of genotypes, environmental conditions and experimental locations have been important in resolving which elements of plant function respond reliably to altered [CO 2 ] 14, 15 .
A recent meta-analysis of published data concluded that only sulphur is decreased in grains grown at elevated [CO 2 ] 16 . Here we report findings from a meta-analysis of newly acquired data from 143 comparisons of the edible portions of crops grown at ambient and elevated [CO 2 ] from seven different FACE experimental locations in Japan, Australia and the United States involving six food crops (see Table 1 ). We tested the nutrient concentrations of the edible portions of rice (Oryza sativa, 18 cultivars), wheat (Triticum aestivum, 8 cultivars), maize (Zea mays, 2 cultivars), soybeans (Glycine max, 7 cultivars), field peas (Pisum sativum, 5 cultivars) and sorghum (Sorghum bicolor, 1 cultivar). In all, forty-one genotypes were tested over one to six growing seasons at ambient and elevated [CO 2 ], where the latter was in the range 546-586 p.p.m. across all seven study sites. Collectively, these experiments contribute more than tenfold more data regarding both the zinc and iron content of the edible portions of crops grown under FACE conditions than is currently available in the literature. Consistent with earlier meta-analyses of other aspects of plant function under FACE conditions 14, 15 , we considered the response comparisons observed from different species, cultivars and stress treatments and from different years to be independent. The natural logarithm of the mean response ratio (r 5 response in elevated [CO 2 ]/response in ambient [CO 2 ]) was used as the metric for all analyses. Meta-analysis was used to estimate the overall effect of elevated [CO 2 ] on the concentration of each nutrient in a particular crop and to determine the significance of this effect (see Methods).
We found that elevated [CO 2 ] was associated with significant decreases in the concentrations of zinc and iron in all C 3 grasses and legumes ( Fig. 1 2 ] was associated with a small decrease in protein in field peas, and there was no significant effect in soybeans or C 4 crops ( Fig. 1 and Extended Data Table 1 ).
In addition to our own observations, we obtained data from 10 of 11 previously published studies investigating nutrient changes in the edible portion of food crops (Extended Data Table 6 ) and combined these data with our own observations in a larger meta-analysis. Analysis of our results combined with previously published FACE data (Extended Data  Table 2 ), or combined with previously published data from both FACE and chamber experiments (Extended Data Table 3 ), was consistent with the results obtained using only our new data. Combining our data with previously published data did not alter the significance or substantially alter the effect size of the nutrient changes for any crop or any nutrient.
In addition to nutrient concentrations, we also measured phytate, a phosphate storage molecule present in most plants that inhibits the absorption of dietary zinc in the human gut 17 . We had no a priori reason to assume that phytate concentrations would change in response to rising [CO 2 ]. However, formulae for calculating absorbed, or bioavailable, zinc depend on both the amount of dietary zinc and the amount of dietary phytate consumed 17 , making it important to interpret changes in zinc concentration in the context of possible changes in phytate. Phytate content decreased significantly at elevated [CO 2 ] only in wheat (P , 0.01). This decrease might offset some of the declines in zinc for this particular crop, although the decrease was slightly less than half of the decrease in zinc. For other crops examined, however, the lack of a concurrent decrease in phytate may further exacerbate problems of zinc deficiency.
The global [CO 2 ] in the atmosphere is expected to reach 550 p.p.m. in the next 40-60 years, even if further actions are taken to decrease emissions 18 . At these concentrations, we find that the edible portions of many of the key crops for human nutrition have decreased nutritional value when compared with the same plants grown under identical conditions but at the present ambient [CO 2 ]. Analysis of the United Nations' Food and Agriculture Organization food balance sheets reveals that in 2010 roughly 2.3 billion people were living in countries whose populations received at least 60% of their dietary zinc and/or iron from C 3 grains and legumes, and 1.9 billion lived in countries that received at least 70% of one or both of these nutrients from these crops (Extended Data Table 5 ). Reductions in the zinc and iron content of the edible portion of these food crops will increase the risk of zinc and iron deficiencies across these populations and will add to the already considerable burden of disease associated with them.
The implications of decreased protein concentrations in nonleguminous C 3 crops are less clear. From a study of adult men and women in the United States, there is strong evidence that the substitution of dietary carbohydrate for dietary protein increased the risk of hypertension, lipid disorders, and 10-year coronary heart disease risk 19 . For the developing world, minimum protein requirements for different demographic groups are an area of active research and debate 20 . For countries such as India, however, in which up to one-third of the rural population is thought to be at risk of not meeting protein requirements 21 and in which most protein comes in the form of C 3 grains 21 , decreased protein content in nonleguminous C 3 crops may have serious consequences for public health.
Whereas zinc and iron were significantly decreased in all C 3 crops tested, only iron in maize was observed to decrease among the C 4 crops. No changes were found in sorghum. That zinc and iron declines were notable in C 3 crops but less so in C 4 crops is consistent with differences in physiology. C 4 crops concentrate CO 2 internally, which results in photosynthesis being CO 2 -saturated even under ambient [CO 2 ] conditions, leading to no stimulation of photosynthetic carbon assimilation at elevated [CO 2 ] levels under mesic growing conditions 22 . Our finding that protein content was less affected in legumes than in other C 3 crops is also physiologically consistent with the general ability of leguminous crops to match the stimulation of photosynthetic carbon gain at elevated [CO 2 ] with greater nitrogen fixation, to maintain tissue carbon:nitrogen (C:N) ratios 23 . In contrast, most temperate non-legume C 3 crops are generally unable to extract and assimilate sufficient nitrogen from soils to maintain tissue C:N ratios 24, 25 .
Little is known about the mechanism(s) responsible for the decline in nutrient concentrations associated with elevated [CO 2 ]. Some authors have proposed 'carbohydrate dilution', by which CO 2 -stimulated carbohydrate production by plants dilutes the rest of the grain components 26 .
To test this hypothesis, we measured concentrations of additional elements for all crops except wheat (Extended Data . In most instances, data from four replicates were pooled for each value, meaning that eight experiments were combined for each comparison (see Table 1 for details of experiments). Error bars represent 95% confidence intervals of the estimates. . It also seems that the mechanism(s) causing these changes operate distinctly in different species. In one instance, for example, we found boron to be significantly decreased in soybeans (P # 0.001), whereas it was significantly elevated in rice grains (P # 0.001). Although these differences may, in part, have derived from different environmental conditions, they suggest that the mechanism is more complex than carbohydrate dilution alone. Of all the elements, changes in nitrogen content at elevated [CO 2 ] have been the most studied, and inhibition of photorespiration and malate production 24 , carbohydrate dilution 26 , slower uptake of nitrogen in roots 25 and decreased transpiration-driven mass flow of nitrogen 7 may all be significant. We also examined the effects of elevated [CO 2 ] on zinc, iron and protein content as a function of cultivar when data were available (Fig. 2) . Whereas most crops showed negligible differences across cultivars, concentrations of zinc and iron across rice cultivars varied substantially (P 5 0.04 and P 5 0.03, respectively; Fig. 2a, b) . Such differences between cultivars suggest a basis for breeding rice cultivars whose micronutrient levels are less vulnerable to increasing [CO 2 ]. Similar effects may occur in other crops, given that the statistical power of many of our other intercultivar tests was limited by sample size. We note, however, that such breeding programmes will not be a panacea for many reasons including the affordability of improved seeds and the numerous criteria used by farmers in making planting decisions that include taste, tradition, marketability, growing requirements and yield. In addition, as has been noted previously, there are likely to be trade-offs with respect to yield and other performance characteristics when breeding for increased zinc and iron content 28 . The public health implications of global climate change are difficult to predict, and we expect many surprises. The finding that raising atmospheric [CO 2 ] lowers the nutritional value of C 3 food crops is one such surprise that we can now better predict and prepare for. In addition to efforts to limit increases in [CO 2 ], it may be important to develop breeding programmes designed to decrease the vulnerability of key crops to these changes. Nutritional analysis of which human populations are most vulnerable to decreased dietary availability of zinc, iron and protein from C 3 crops could help to target response efforts, including breeding decreased sensitivity to elevated [CO 2 ], biofortification, and supplementation.
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LETTER RESEARCH
Online Content Any additional Methods, Extended Data display items and Source Data are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS
We examined the response of nutrient levels to elevated atmospheric [CO 2 ] for the edible portions of rice (Oryza sativa, 18 cultivars), wheat (Triticum aestivum, 8 cultivars), maize (Zea mays, 2 cultivars), soybeans (Glycine max, 7 cultivars), field peas (Pisum sativum, 5 cultivars) and sorghum (Sorghum bicolor, 1 cultivar). The six crops were grown under FACE conditions; in all six experiments, the elevated [CO 2 ] was in the range 546-586 p.p.m. (see the Agricultural Methods section below for details associated with individual trials). Statistics. In accordance with methods described previously 14, 15 , the natural logarithm of the response ratio (r 5 response in elevated [CO 2 ]/response in ambient [CO 2 ]) was used as the metric for analyses and is reported as the mean percentage change (100 3 (r 2 1)) at elevated [CO 2 ]. Consistent with these earlier analyses of multiple species grown under FACE conditions, the responses of different species, cultivars and stress treatments and from different years of the FACE experiments were considered to be independent and suited to meta-analytic analysis 14 . The meta-analysis was designed to estimate the overall effect of elevated [CO 2 ] on the concentration of each nutrient in a particular crop and to determine the significance of this effect relative to a null hypothesis of no change. All tests were conducted as two-sided-not specifying which direction the nutrient concentrations were expected to change under elevated [CO 2 ]-to make the analysis as general as possible. Meta-analysis was conducted with a linear mixed model. A random intercept was included for each comparison, representing nutrient level variability unrelated to [CO 2 ] that was common to both treatment groups. Additional analyses indicated that the effect of [CO 2 ] on zinc concentration in rice was modified by cultivar and amount of nitrogen application, suggesting systematic variations across the pooled analysis of rice, and for these samples it was shown that the effect on zinc concentration was still significant when including interactions terms for cultivar and nitrogen. No other significant modifications of the [CO 2 ] effect were identified. We tested whether changes in different nutrients for particular crops were statistically different from each other, as has been described 30 . To address the issue of multiple comparisons when testing for differences between cultivars within a crop, we multiplied the P value by the number of independent comparisons. This approach follows the so-called Bonferroni correction and is conservative in the sense of biasing the P values high, but still shows that individual test results are significant despite their having been selected from multiple tests.
Parameter estimates were obtained by the restricted maximum-likelihood method, a standard approach for analysing repeated measurement data 29 that, in our case, were of nutrient concentrations at time of harvest. Results for all analyses are reported as the best estimate of percentage changes in the concentration of nutrients along with the 95% confidence intervals associated with each estimate. Twotailed P values are also reported.
When combining our data with previously published data, we defined outliers as pairs in which the difference between an observation at ambient [CO 2 ] and elevated [CO 2 ] was at least three times the standard deviation from the mean differences for that crop and nutrient type when calculated using all observations. Using this criterion, we excluded a total of two pairs of previously published data from all analyses; these included one observation of iron in rice and one observation of zinc in potato. Agricultural methods. Rice (Oryza sativa, 18 cultivars), wheat (Triticum aestivum, 8 cultivars), maize (Zea mays, 2 cultivars), soybeans (Glycine max, 7 cultivars), field peas (Pisum sativum, 4 cultivars) and sorghum (Sorghum bicolor, 1 cultivar) were grown under FACE conditions during daylight hours. The experiments were conducted in Australia, Japan and the United States between 1998 and 2010. Ambient [CO 2 ] ranges were between 363 and 386 p.p.m.; elevated [CO 2 ] was between 546 and 584 p.p.m. With the exception of soybeans, each experiment involveed multiple cultivars of each crop and more than one set of growing conditions. Each experiment for each cultivar and set of treatments was replicated four times, with the exception of one of the rice sites, for which three replicates were performed. These data are summarized in Table 1 , and additional details of the soil and growing conditions, FACE methods and experimental designs have been published for rice 31 , wheat 32 , maize 33 , soybeans 34 , field peas 32 and sorghum 35 .
Minerals method. Samples were analysed for minerals by heated closed-vessel digestion/dissolution with nitric acid and hydrogen peroxide followed by quantification with an inductively coupled plasma atomic emission spectrometer 36 . Nitrogen content was measured by flash combustion of the sample coupled with thermal conductivity/infrared detection of the combustion gases (N 2 , NO x and CO 2 ) with a LECO TruSpec CN Analyzer Dietary intake data from the UNFAO Food Balance Sheets (to year 2000) and food composition data from the United States Department of Agriculture National Nutrient Database for Standard Reference were used to calculate per-person nutrient intake for 95 food items; these were shared with us with permission 41 . This data set was used to calculate the contribution of each food item to total dietary zinc and iron intake, and the proportions of all food items derived from C 3 grains and legumes were summed to identify countries that are highly dependent on plant sources of iron and zinc (Extended Data Table 5 ). . In most instances, data from four replicates were pooled for each value, meaning that eight experiments were combined for each comparison (see Table 1 for details of experiments).
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Extended Data . In most instances, data from four replicates were pooled for each value, meaning that eight experiments were combined for each comparison (see Table 1 for details of experiments). Sample sizes for each crop type are identical to those listed in Table 1 .
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